The surface preparation by hydrodynamic profiling and grit blasting of low-carbon steel specimens is investigated. Roughness measurements and SEM imaging show that hydrodynamic profiling forms a surface profile with a high roughness and without surface contamination. In contrast, grit-blasted specimens show grit residues embedded in the substrate surface. The debris collected after hydrodynamic profiling show a rounded shape suggesting that the material is removed due to low-cycle fatigue. The debris produced by grit blasting appear in the shape of platelets and flow-type chips suggesting a mixture of micro-cutting and forging-extrusion. The influence of stand-off distance, exposure time, and flow speed on the profiling process are also studied. The results identified the optimum operational conditions for hydrodynamic profiling. Fatigue by impacting fluid drops is suggested to be the dominant material failure mode. However, results of a comparative calculation of the incubation drop impact frequency suggests that fatigue is accompanied by energydissipative processes.
Introduction
Surface preparation is an essential step prior to coating because it promotes the chemical and physical bonding between the coating and the substrate. This preparation step is usually done by a number of techniques such as vapour degreasing, chemical etching, grinding, etc. [1] . A rough surface finish is normally favoured where physical bonding between the coating and the substrate is a concern. This can be achieved by mechanical processes such as grit blasting [1] .
Grit blasting is widely used because it is efficient and economical, and it provides a suitable surface profile. However, associated with grit blasting are certain problems, such as embedded contaminants [2] [3] [4] [5] and lips formed through plastic yield when a surface profile is generated [2] . Contamination of the surrounding environment and health problems associated with airborne dust also raise concerns [6] .
These problems led to the application of alternative methods for surface preparation. Recently, high-speed fluid jets have gained acceptance as tools for decoating and paint stripping in the area of corrosion protection [7] [8] [9] . The benefits associated with fluid jetting in that application are: no grit residues, less health problems, lower disposal cost, and improved surface cleanness of the substrate. However, a systematic study of the profiling of virgin metallic surfaces by high-speed fluid jets, especially in terms of material failure, has not been performed yet. Taylor [10] performed a preliminary study of the profiling of Inconel alloys with high-speed water-jets. This author noted that the roughness of surfaces formed by grit blasting and waterjet profiling are in the same order of magnitude but different in detail. A limited parameter study showed that specific erosion (in mg/cm 2 ) mainly depends on the applied pump pressure of the jet-generating system. Wu and Kim [11] investigated the erosion of aluminium by waterjets. However, the aluminium was taken to simulate the behaviour of a These authors could also show that roughness depends on the weight loss in a complex way. In a study about surface roughness and pull-off strength of waterjet-profiled superalloys, Knapp and Taylor [13] measured roughness values between R a = 4 μm and R a = 18.2 μm. The waterjet speed was 790 m/s. The bond strength between profiled substrate and coating system was as high as σ B = 75 MPa, and no adhesion failure was observed. The wettability of waterjet-profiled steel samples was investigated in [5] . In that paper, the spread distance of fluid drops applied to the surface was measured and a good relationship was found between this parameter and the surface roughness. However, this relationship failed for very short exposure times; probably due to crack formation in the surface. It was also shown that the material removal rate is linearly related to the kinetic energy of the impacting waterjet. In this paper, steel surface preparation by waterjet profiling and grit blasting is investigated. The study focuses on the surface finish, the material removal mechanism, and on the correlation between the operating parameters and material removal capability.
Aspects of high-speed waterjet formation
The velocity of a waterjet escaping from an orifice can be calculated according to Bernoulli's law [14] :
In the equation, p is the pump pressure, and ρ W is the water density. The parameter φ is a nozzle efficiency parameter; it is φ = 0.95 for the sapphire orifice used in this study [14, 15] . For the operating pressures used in this study, the corresponding jet velocities are ν J = 600, 670 and 704 m/s, respectively. These velocities exceed the sound velocity in air (c0 = 337 m/s). The kinetic energy of a high-speed waterjet is estimated for further discussion according to the following eq. (4)
In the equation, tE is the local exposure time, d0 is the nozzle diameter, νT is the nozzle traverse rate, and LT is the length of the profiled section. The outflow parameter is α = 0.7 for the sapphire orifice used in this study [14] . The results of these calculations are listed in Table 1 . Table 1 Process parameters and material removal results
Experimental setup

Specimen properties
All tests were performed with hot-rolled low-carbon steel (UH1). The steel contained the following alloying elements (given in mass-%): carbon (0.1 ), phosphorus (0.0 ), manganese (0.50), silicon (0.0 ), sulphur (0.0 ), aluminium (0.10), titanium (0.04), micro alloys (0.01). The average grain size, estimated with a metallurgy microscope, was dM = 25 μm. The mechanical properties of the material are listed in Table 2 . The specimens were cut away from a standard plate by sawing; their dimensions were 150 mm X 40 mm X 3 mm. All specimens were stored in a desiccator in order to prevent atmospheric corrosion.
Experimental setup for grit blasting
The grit blasting experiments were performed in a commercial blasting cabinet using an air pressure of pA = 0.475 MPa and a nozzle diameter of d N = 8 mm. The Table 2 Specimen properties particle velocity was not estimated. Aluminium oxide with a mean particle size of d50 = 165 μm was used as the blasting grit. The particle feed rate was 19.3 g/s, and the flux rate was 1.54 g/(s/cm 2 ) Each specimen was blasted at an exposure time of tE = 00 s, at an angle of β= 90°, and with a stand-off distance between nozzle exit and specimen surface of xL = 10 mm. See the left section of Fig.  1 for a typical erosion mark.
Experimental setup for waterjet profiling
The waterjet profiling tests were performed with an ultra-high-pressure water system. The diameter of the jetting nozzle was d 0 = 0.3 mm. The blasting fluid was water pre-treated by reverse osmosis; this was a requirement of the pumping system. The operating pressures were p = 200, 248 and 275 MPa. The pressure fluctuation was about ± 7%. According to the square root relationship in Eq. (1) the deviation in the jet velocity was about ± 2.6%. The standoff distance was varied between xL = 84 and xL = 92 mm, the traverse rate was varied between νT = 4.23 and νT = 33.87 mm/s, and the traverse length was LT = 100 mm (see Table  1 ). The impact angle was β= 90° for all experiments. Standoff distance, traverse rate and traverse length were controlled via a CNC controller with an accuracy of ± 0.3 mm. See the right section of Fig. 1 for a typical erosion mark.
Mass loss evaluation
The specimen mass was measured before (m1) and after (m2) each erosion test. The mass loss, Δ m, was estimated as follows:
The mass balance used was a 'Sartorius Analytic' with a maximum weight capacity of 200 g and a precision of ± 0.2 mg. The specific mass removal, Δ m S , was also estimated as follows: (5) In the equation, AS is the eroded cross section. All estimated values are listed in Table 1 .
Methods used for surface evaluation
The eroded surfaces were examined by scanning electron microscopy (SEM) in the secondary electron mode and the back-scattered mode, respectively. Examples are shown in Fig. 2 . Energy-dispersive X-ray analysis (EDXA) plots were also taken from selected surfaces. The hardness was measured after each experiment at three locations of each specimen; a conventional 6402 Rockwell hardness machine based on the B-Scale with (a) a maximum load of 100 kg was used. The indentation ball diameter was 1.59 mm.
Methods used for wear debris evaluation
Wear debris was collected after grit blasting and waterjet profiling. The debris was first separated using a demagnetiser, then dried and ultrasonically cleaned. An image analyser equipped with an optical microscope ' CH-32-Olympus' and a digital camera 'PML-76', which was connected to a computer, was used for debris image analysis. In detail, the system measures height, width and cross section of the captured objects. Additionally, SEM images are taken from selected samples in order to evaluate the morphology.
Discussion of microstructure and wear debris morphology
partly removed by micro-cutting due to individual erodents. Further evidence is given in Fig. 4a showing the lamella structure of a flow-type chip; this is a typical wear debris formed during a micro-machining process. This figure also shows another type of wear debris: several small, platelet-shape debris can be seen. More of these platelets, with a typical size of 10 μm, are shown in Fig. 4b . In the lower section of this figure a long debris is visible which is actually a composition of adhering platelets. Therefore, a ' platelet-formation' mechanism, described in [16] for the erosion of ductile materials by angular erodents, plays a considerable role in the material-removal process. In this phenomenological model, a combined forging-extrusion mechanism, which produces highly distressed platelets of target material that are knocked off from the surface by succeeding impacts, is responsible for the erosion. This model holds also for high impact angles (as applied here).
For the conditions in this study, platelet formation Fig. 2a is an SEM image of a steel surface after grit blasting showing grit fragments embedded in the surface. Further grit residue could be detected by using the backscattered mode ofthe SEM as illustrated in Fig. 2b . Note that the dark sections are contaminated by grit residue; the residue covers about 7% of the entire area. These results are in agreement with results reported in [4] where up to 10% of a grit-blasted steel surface was found to be covered with grit residue. The surface also shows some crevices, which appear black in Fig. 2a . At higher magnification, as shown in Fig. 3 , micro-cutting marks can be observed suggesting that material was may be the most important mechanism for material removal, but micro-machining could happen in some situations when the local impact angle differs from 90°. A combination of platelet formation and micro-machining is also reported in [17] for the erosion of stainless steel by aluminium oxide. In another study of steel erosion by olivine sand, the concentration of chips (flow-type) in the debris sample was about 30% even for normal incidence [18] .
Microstructure and wear debris morphology after grit blasting
Surface microstructure and wear debris morphology after waterjet profiling
Figure 5a is a SEM image of a waterjet-profiled surface showing a certain amount of flaws and voids, but also featuring of forced rupture. At a higher magnification, provided in Fig. 5b , the surface exhibits clear features of brittle fracture and no evidence of micro-cutting. The size of the brittle features is about 10 μm for most of the waterjet-prepared specimens.
A representative SEM micrograph of wear debris collected after waterjet profiling is shown in Fig. 6a . The debris collection consists of almost spherical particles. Their average size is relatively small compared to the size of the debris generated during grit blasting. Figure 6b is a SEM micrograph of wear particles with higher magnification. The particles show a quasi-cleavage appearance indicating that the material was removed from a work-hardened surface. These results agree with observations made on low-carbon steel eroded by water drops [19] . This reference noted a system of transgranular fractures which lengthened with further exposure time and gradually undermined the surface. Small cleavage planes can also be seen in Figs. 5 and 7. However, fatigue striations could also be detected in many surface regions (two examples are shown in Fig. 7 ) with striation spacings of about S = 0.5 μm. This latter aspect of fluid erosion is discussed in detail in [20] .
The image analysis delivered an average debris size of d50 = 11 μm, which agrees well with the size of the brittle features. However, 92% of all debris have a size smaller than the target material grain size. This agrees with results from [10] , who found that the typical features of a waterjet-treated surface are much smaller than the target material grain size. Therefore, intergranular fracture in the material seems to play a major role. However, in [19] , transgranular fracture was identified on low-carbon steel samples eroded by water drops. The reason may be the rather large drop size used in that study, which varied between dD = 0.4 mm and dD = 2.6 mm. This size is suitably larger than the drop size in the present study, which is assumed to be dD = 3 μm in the given operating pressure range [21] . Therefore, the size of the brittle features and of the debris is several times larger than the drop diameter. This result points to a repeated high-frequency loading of the material.
Discussion of the waterjet profiling process
Influence of waterjet velocity
The specific material removal for grit blasting is on a consistent level of Δm S = 0.12 mg/mm 2 ( Table 1 ). The hardness measured after grit blasting is between 23.5 HRB and 25 HRB. Therefore, the hardness is not affected by the grit blasting process because the hardness of the untreated surface is 24 HRB.
The specific material removal for the waterjet-pre-pared specimens is significantly higher. However, these values depend on the process parameters variations; namely operating pressure (jet velocity), local exposure time, and stand-off distance. These relationships are shown in Fig. 8 . Note from Fig. 8a that the mass removal increases as the operating pressure increases. This trend is most probably caused by the higher waterjet velocity obtained at a higher pressure. The relationship between operating pressure and waterjet velocity is given by Eq. (1). Higher jet velocity leads to higher kinetic energy of the impacting jet and to higher stresses at the specimen surface (see Eq. (7)). A regression of the results delivers From Eq. (1), this relationship gives Although the regression is based on only five measurements, the results verify the 3rd-power relationship obtained in [10] .
Influence of stand-off distance
The influence of the stand-off distance is shown in Fig.  8b . There is no distinct relationship between the parameters. For the lower operating pressure, the mass removal exhibits a maximum at a medium stand-off distance; for the higher operating pressure, the mass removal exhibits a maximum at a low stand-off distance. An examination of the waterjet structure can help to explain these relationships. From the structural point of view any waterjet consists of a core zone, a transition zone, and a droplet zone as shown in Fig. 9 . The ratio between core region and droplet region depends on the stand-off distance. The beginning of the droplet region can be approximated by the following relationship [14] :
This equation gives LC = 90 mm for the experimental conditions in this study. Therefore, the droplet region of the jet was used, and the loading regime was highly cyclic due to the impact of a high number of fluid drops. The higher the stand-off distance, the larger is the droplet region. The pressure generated by an impacting water drop, pI, can be approximated as follows [22] : (7) The shock speed, Cs, depends on the impact velocity; the relationship is given by the following equation MPa. At a certain stand-off distance, the target is loaded by a certain number of high-stress impacts. For conventionally ductile-behaving material, as in the steel used in this study, a cyclic component is required to overcome the capability of plastic yield [24] . It was shown in [25] through topography measurements in the nanometre range that impacting water drops deform metal surfaces; this process of plastic yield is accompanied by an increase in the residual stress. An additional cyclic component (multiple droplet impact) is required to work-harden and embrittle the surface prior to failure. This assumption is supported by the notable increase in the surface hardness after waterjet treatment (Table 1) . Consider also the quasicleavage fracture planes shown in Fig. 5 , which may be a result of the embrittlement of the material prior to failure. Workhardening due to waterjet impact is discussed in detail in [24, 25, 26] . Hancox and Brunton [19] noted this effect during the water-drop erosion of low-carbon steel. This assumption is also supported by results from waterjet cutting of aluminium and mild steel [27] ; it was shown that maximum erosion occurs at comparatively long stand-off distances.
The effect of the stand-off distance on the optimum material removal for the two pressure levels as indicated in Fig. 8b is probably a result of the modification of the droplet diameter through the waterjet velocity. The average diameter of fluid drops generated in a liquid spray nozzle depends on the following flow parameters [28]:
Therefore, average drop diameter decreases (and drop frequency increases) if jet velocity increases. Any combination of jet velocity (pressure) and stand-off distance delivers a certain combination of low-stress static loading and high-stress cyclic loading. The higher the jet velocity and stand-off distance, the higher the influence of cyclic loading.
Influence of local exposure time
The influence of the local exposure time is shown in Fig.  8c . If exposure time increases, specific material removal rises. However, the progress is non-linear. Whereas the material removal increases linearly in the first stage, the progress drops if a certain exposure time is exceeded. With increasing exposure time the deviation from a linear function increases. Note from Eq. (3) that . In a previous study [5] , the following relationship was found:
Thus, jet energy is linearly related to the specific mass removal. Therefore, the non-linear function in Fig. 8c may be a result of energy losses. Most probably, a fluid film is formed at the specimen surface that damps impacting water drops and absorbs energy. Such effects were observed in high-speed photography studies [29] . The following attempt is made to estimate the intensity of energy dissipation. A dissipation function is defined as follows: (12) In the equation, Δm S (L) is an assumed linear function between mass loss and local exposure time without damping, and Δm S (t E ) is the experimentally estimated function. Both relationships are illustrated in Fig. 8c . Based on Eq. (11), the difference ) can be transformed into an energy difference. This energy difference is assumed to be the dissipated energy. Results of these calculations are shown in Fig. 8d . Note that the energy loss rises if exposure time increases. If a certain local exposure time is exceeded, waterjet profiling becomes inefficient; the profiling process turns into a kerfing process. A comparison with the energy values listed in Table 2 shows that the amount of dissipated energy is quite high. Therefore, additional energyabsorbing processes must be considered. Because the number of impacting drops increases if exposure time increases, interactions between individual drops may also play a role.
Threshold conditions for waterjet profiling
An interesting feature in Fig. 8c is the threshold exposure time; its value is about t EC = 0.02 s. At lower exposure times, no material removal could be observed. A plausible explanation for this phenomenon is that a certain number of impacting water drops is required to erode material. This assumption is illustrated in Fig. 10 ; it could also result in the erosion process proposed in Section 5.2. Note from Fig. 10 that material loss occurs at t E> t EC when individual cracks intersect. This process continues until significant damping occurs at t E = t ES .
Assuming low-cycle fatigue, Springer's [20] drop erosion model can be applied, which delivers the critical impact frequency as follows: This value is several orders of magnitude higher than the result obtained from Springer's model. Although fatigue stri-ations are observed at waterjet-profiled surfaces, fatigue due to subsequent drop impact is affected by energy-dissipative processes. One of these processes is film damping as already discussed. It is conclusive to assume interactions between individual drops on their way from the nozzle exit to the material surface. However, the ratio between generated drops and impacting drops would be 10 4 :1, which is unusually high. Therefore, it is assumed that most of the drops hit the specimen but only a few impacting drops have velocities high enough to exceed the threshold velocity of the target material. This argument may include especially the drops flowing at the jet periphery; these drops are affected by friction with the surrounding air (see Fig. 9 ). Moreover, turbulence in the drop-air mixture can be assumed, creating a radial velocity component. This interesting aspect needs further consideration.
Conclusions
The following conclusions can be drawn from this study:
• Grit blasting of low-carbon steel affects the surface integrity. A certain amount of grit residue (about 7%) must be considered.
• The material removal due to grit blasting is a mixture of platelet formation and micro-machining, which is evidenced by the presence of wear platelets and flowtype chips.
• Surfaces produced by waterjet profiling show features of fatigue. Low-cycle fatigue due to impacting water droplets plays an important role. The debris show a quasi-cleavage appearance, suggesting that workhardening of the substrate occurs during waterjet treatment.
• A comparative calculation of the threshold impact frequency shows that energy-dissipative processes, such as friction, drop interaction, drop deceleration and turbulence, affect waterjet profiling capability.
• Operating pressure, stand-off distance and exposure time affect material removal as well as surface profile. These operational parameters also influence the frequency of impacting water drops (loading regime).
